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Abstract 
During a demand response program, cost saving in households is achieved by optimal scheduling of 
appliances. This paper introduces inconvenience to the general problem of appliance scheduling. It 
measures the disparity between the baseline and optimal schedule and the consumer seeks to minimize 
this objective in addition to cost minimization. A nonlinear integer optimization problem is formulated 
taking into account appliance coordination constraints and is solved with genetic algorithm. The results 
show that by optimally scheduling appliances taking into account coordination, a cost saving is achieved 
through load shifting and curtailment whereby an incentive is earned. By use of the weighting factor, a 
consumer can choose how they favour inconvenience over the cost.  
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1. Introduction 
South Africa, as many countries, is currently faced with a challenge of balancing energy consumption 
with generation in order to maintain balance in the system network. Households, which constitute more 
than 18% of the country's total energy supply [1], can contribute towards reducing demand pressure on the 
national grid through optimal scheduling of appliances. Time differentiated electricity pricing models 
necessitates classification of these appliances depending on the responsiveness to price changes. These 
appliances can broadly be categorized as flexible, inflexible and night time loads. Both flexible and night 
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time appliances could be scheduled such that the consumer can minimize their bill [2]. Incentive is offered 
to complement the time differentiated price models [3].  
A number of cost optimal and energy optimal models and solutions have been proposed with or without 
consideration of the inconvenience. This paper extends the household appliance scheduling mathematical 
problem in [4, 5] by considering the inconvenience level. Additional constraints to address the 
interdependence of appliance operation have also been incorporated.  
The remainder of this paper is organized as follows. Section 2 focuses on the mathematical model. 
Section 3 covers the case study and data while Section 4 presents the simulation results and discussion, and 
finally the conclusion is made in Section 5. 
2. Mathematical model 
The objective of the user is to minimize his electricity cost, maximize the earned incentive and 
minimize the inconvenience. These have been formulated as a single objective function as in (1). 
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where a and t are appliance and time indices. A and T are the total number of appliances and control 
horizon while Δt is the sampling time. Pa and Na are the appliance’s rated power and duration. Ρt and βt are 
the electricity price and incentive at time t. da and ea are the starting and end of the switching time of 
appliance a. ua,to and ua,t are the baseline and optimal switching status of appliance a at time t. α is the 
weighting factor that a consumer chooses based on how they favor inconvenience over the financial cost. 
The sign function sign (x) =1 for x>0 and 0 otherwise. Noting that ua,t and ua,to are non-negative, sign(ua,t 
– ua,to) denotes certain state in a model. If it is 1 an incentive is earned during peak times, otherwise there 
is no incentive. The following constraints are formulated to the objective functions.  
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The following is a brief description of the constraints: 
 The first constraint (2) ensures that the daily cost does not exceed what the customer is willing to 
pay. 
 Constraint (3) ensures that the consumer stays within the daily energy limit. 
 The third constraint (4) ensures that the appliance’s operation duration is met. 
 Constraint (5) ensures continuous operation of appliances until the process is finished. 
 Constraints within (6) ensure proper coordination of appliances where tau ,1 , t for example 
denotes appliance 1 switching status for appliance 1a  at time t . 
Coordination between household appliances commitment is very important because some household 
appliances are committed relative to the other, i.e. operating one appliance may necessitate operating the 
other at the same or delayed time. However in this work, for simplicity we do not consider delayed time. 
These introduced appliance coordination constraints may limit the actual energy curtailment during peak 
times. A typical example of coordinated appliance is; a washing machine dryer combo, the dryer cannot 
be on at the same time with the washing machine.  
The model obtained in (1)-(6) is an optimal control model with control variables ua,t. This optimal 
control problem is often difficult to solve since control variables are binary integers, the sign function is 
discontinuous, and the continuous operation of appliance constraints are nonlinear. 
3. Case study and data 
Our study focused on one urban household in South Africa and seven appliances are considered as 
shown in Table 1. The tariff used is based on South Africa's TOU Homeflex structure for residential 
consumers. The Homeflex 1 tariff has five charge components [1] but for illustration purposes the hourly 
charge is discretized into 10 minutes sampling time and only the energy charges for high demand period 
are used for calculations as they are not fixed. An assumed incentive of βt= R0.2/kWh is used guided by 
references [3, 7, 8]. The TOU tariff peak and off-peak data are; ρt(pk)=R1.4452, tϵ[7,10) [18,20) and 
ρt(offpk)=R1.4452, tϵ[0,7) [10,18) [20,24). Table1 shows appliance data. The baseline scheduling and 
average operation time obtained from a one month weekdays data collection on appliance usage. Rated 
power is provided by the appliance manufacturers, and the load type is suggested by the consumer based 
on the usual or preferred usage. 
4. Simulation results and discussion 
The sampling time of 10 minutes over a 24 hour study period and the optimal switching control 
problem is solved using the ga function in MATLAB R2013 toolbox that can handle mixed integer, 
integer and binary problems within a short period [8, 9]. The simulation results with α=0.1, show that 
with coordination, a cost saving of 8%, with an earned incentive of R1.68 at an inconvenience of 45 are 
realized. The energy savings realized in 2%. Due to the load redistribution, evening peak as shown in 
Figure 1 has been reduced from 9.6kW to 7kW. In Figure 1, load profile 1 is the baseline while profile 2 
is the optimal load profile.  The results for coordination of appliances are presented in Table 2. A washing 
machine dryer machine combo, a dryer can only start operation after the washing cycle is completed. In 
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this case we have one tv in the household, therefore since both the decoder and the dvd are used with the 
tv one at a time, the decoder and the tv together are switched on while the dvd player is off.   
Table 1. Appliance data 
No. Appliance, a Power 
rating, Pa 
Load type 
Flexible   Inflexible   Night 
Duration, 
 Na (min) 
Baseline  
ua,to 
1 Washing machine 3.0 √   50 107-112 
2 Clothes dryer 3.3 √   30 113-118 
3 
4 
5 
6 
7 
Television 
Dvd player 
Decoder 
Stove 
Dishwasher 
0.133 
0.025 
0.07 
3.0 
3.0 
 
 
 
√ 
√ 
√ 
√ 
 
 
 
 
 
 
√ 
120 
120 
120 
30,50 
120 
103-115 
103-115 
103-115 
37-40,106-111 
113-125 
 
Table 2. Appliance optimal schedule 
No. Appliance, a Optimal switching 
1 Washing machine 103-108 
2 Clothes dryer 122-126 
3 
4 
5 
6 
7 
Television 
Dvd player 
Decoder 
Stove 
Dishwasher 
103-115 
- 
103-112 
33-35, 105-110 
103-115 
 
 
5. Conclusion 
The results show that by optimally scheduling appliances taking into account coordination, a cost saving of 8% and 
energy saving of 2% are achieved. This paper has demonstrated that coordination of appliances in the optimal 
scheduling of appliances, which has been rarely covered by the literature, can be achieved. This is very important 
because practically, appliances don’t operate in isolation to each other. It has also been shown the redistribution of 
appliance usage in order to save cost. 
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 Figure 1: Load profiles 
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